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High pressureAtomistic calculations of the ½h110i screw dislocation core structure in MgO have been carried out
showing the inﬂuence of high pressure (up to 100 GPa) on the core spreading. Calculations rely on a peri-
odic arrangement of dislocation quadrupoles. Comparison between ﬁrst principles and pairwise potential
simulations show a remarkable agreement. Our results conﬁrm that the dislocation core evolves from a
spreading in {110} (at low pressure) to a narrower conﬁguration spread in {100} as pressure increases.
The periodic dipole method enables us also to record the pressure induced core energy variations.
 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
The dislocations core structure at the atomic scale is nowadays
accessible in numerical modelling. Generally based on empirical
potentials calculations [1–7], recent advances have been made to
study the atomistic conﬁgurations around the dislocation core
through First-Principles calculations (e.g. [8,9]). However the
long-range displacement ﬁeld of a dislocation requires large-scale
simulations unachievable by this technique. To overcome this
numerical limitation, a periodic arrangement of dipole or quadru-
pole of dislocations can be used to cancel the displacement ﬁeld at
large distance [10]. Such periodic calculations have been inten-
sively used to study dislocation core structure in metals [11–14]
or in semiconductors [15,16]. Despite the importance of disloca-
tion core structure in materials such as ionic crystals, calculations
of dislocation core structure based on periodic arrangement of
array of dislocations have never been undertaken in ionic materi-
als. Indeed, most of atomistic analysis of dislocation core structures
have been performed using large scale simulations involving
empirical potentials [17–25]. In magnesium oxide (MgO), Woo
and co-workers have intensively studied the edge dislocation with
½h110i Burgers vector [17–20]. More recently, studies of screw
dislocation cores have been achieved [20–24,26] involving h100i
or ½h110i Burgers vectors. Until now, the atomistic studies ofthe screw dislocation with a ½h110i Burgers vector have never
been focussed on the detailed core structure, known to be the
important parameter controlling the mobility of dislocations [27].
On the other hand, recent modelling of core structures based on
the continuum Peierls–Nabarro (PN) model [28–30] have revealed
the potential inﬂuence of pressure on the screw dislocation core in
MgO. However, conclusions arising from continuum modelling
may always be subjected to the inherent assumptions of the PN
model. The purpose of this study is therefore to revisit current
knowledge of dislocation core structure in MgO based on both
empirical potential calculations and Density Functional Theory
(DFT) calculations using periodic quadrupolar arrangement of dis-
locations. Here, we focus on the ½h110i screw dislocation in MgO
and the evolution of its core structure under increasing pressure.
For comparison purpose, we will consider the following pressure,
0, 30, 60 and 100 GPa, falling in the pressure range of the Earth
mantle as investigated in a previous work [30].2. Methods and simulation cells
All calculations have been performed using a periodically quad-
rupolar arrangement of four ½h110i screw dislocations. The choice
of periodic boundary conditions associated with a quadrupolar
arrangement was driven by the necessity to minimize residual
strains within simulations cells [31]. The cell orientation corre-
sponds to a crystal with [001] oriented along x, [110] along y,
and [110] (considered in the following as the direction of the
1/2 [1-10]
B
A C
2 [001]1/2 [110]
Fig. 1. MgO perfect crystal projected along the h110i direction. Mg and O atoms
correspond small and large spheres respectively. This basic block (see text for
details) contains eight atoms. Labels A, B and C indicate the possible locations of the
dislocation core, i.e. edge-A, edge-B and centre position, according to Ref. [21]
terminology.
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respond to 2a  a
ﬃﬃﬃ
2
p
/2  b (where a corresponds to the lattice
parameter of the structure and b to the magnitude of the Burgers
vector of ½h110i dislocation), the cell dimensions were further
increased by multiplying the initial block by an integer n along x
and y in order to keep a constant ratio x/y = 2
ﬃﬃﬃ
2
p
. The smallest vol-
ume used (36a3) is therefore based on n = 6, containing 288 atoms
whereas the largest system size is simulated for n = 80 (51,200
atoms in a 6400a3 volume). Depending on the actual spreading of
the core, all system sizes could not be considered at every pressure.
A typical n = 8 value (i.e. a quadrupolar arrangement inside a sys-
tem of 512 atoms) was considered for DFT calculations. The initial
four dislocations were then introduced by applying the displace-
ment ﬁeld of a quadrupole of dislocations, as given by the linear
isotropic elasticity, on the atomic position of the pristine system
(see [32] for practical implementation details). The energy minimi-
zation for all systems were further performed at ﬁxed volume, i.e.
the lattice parameter a was rescaled to equilibrium values corre-
sponding to each pressure (Table 1).
Using such atomic conﬁguration, the energy of a straight dislo-
cation line of Burgers vector b is given by Eq. (1), resulting from a
regularization of the inﬁnite sum of logarithm terms involved in
the interaction energy between pairs of dislocations [11,15]:
E ¼ EðrcÞ þ lb
3
4p
Ln d1=rcð Þ þ A d1=d2ð Þf g ð1Þ
where rc correspond to a given cut-of radius for the core energy; d1
and d2 correspond to the equilibrium distances between positive
and negative dislocation along the x and y directions and A(d1/d2)
a function containing all dislocations pair-wise interactions [12]
depending exclusively on the ratio d1/d2. As in our calculations,
the scaling of the volume ensures a constant d1/d2 ratio, A(d1/d2)
is a constant and Eq. (1) can be used to evaluate the dislocation core
energy E(rc).
The DFT calculations have been performed using the VASP pack-
age [33]. Following our previous study on MgO [29,30], we rely on
PAW pseudopotentials and the Generalised Gradient Approxima-
tion (for further details the reader may refer to [29,30]). Whatever
the investigated pressure, a single 2  4  6 k-points mesh [34]
was used to ensure a convergence of energies below 0.1 meV/atom.
As already mentioned in the introduction part, we also rely on sta-
tic calculations performed using the LAMMPS molecular dynamics
package [35]. The empirical potential used in this case corresponds
to a pairwise potential of the Buckingham form involving partial
charges (±1.7e) for Mg and O. We adopt the parameterization (B–
G ± 1.7e) proposed by Heinkelman et al. [36] with short-range
interactions (i.e. <12 Å) computed between Mg–O and O–O. The
long-range coulombic interactions were computed using an Ewald
summationmethod [37] as implemented into the LAMMPS code. In
Table 1, the unit cell parameters and the elastic constants of MgO
have been calculated with the B–G ± 1.7e potential [36]. The cell
parameters are consistent with DFT results in the whole pressureTable 1
Lattice parameter a and elastic constant Cij tensor for MgO determined from the paramﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
C44ðC11  C12Þ=2
p
. All elastic quantities are given in GPa. First principles data [29,30] are gi
shear in either {110} or {001} planes.
0 GPa 30
a (Å) 4.22 (4.24) 4.0
C11 281.5 (279) 466
C12 137.9 (93) 207
C44 137.9 (146) 147
l 99.5 (116.5) 138
cmax ½ h110i {110} (J/m2) 0.96 (1.05) 2.1
cmax ½ h110i {001} (J/m2) 2.22 (2.18) 2.9range. At 0 GPa of pressure, the elastic properties of MgO deter-
mined using the pairwise potential are close to the values obtained
with the DFT (within about 10–15%). However, based on central
interatomic force considerations, Cij satisfy the Cauchy relation,
C12–C44 = 2P, in disagreement with either DFT calculations or
experimental values [38]. The transferability of Heinkelman
parameterization to the dislocation core structure calculations
was therefore checked by the calculations of the Generalised Stack-
ing Fault energy (GSF also called c-surface) [39]. It turned out that
the pairwise potential was able to accurately reproduced the
energy landscape associated with the c-surfaces as shown by the
cross sections of the c-surface (also called c-lines) along ½h110i
(Fig. 2) throughout the pressure range investigated (0–100 GPa)
(calculations set-up for c-surface calculations are described in
[29,40]). At 0 GPa, the c-lines are very well represented by the
empirical potentials compared to those calculated in DFT
(Fig. 2a). When pressure increases, the c-lines calculated with
the potential are under estimated with respect to those obtained
in DFT calculations. However the potential mimics the inversion
of the curves as observed in DFT. This result is surprisingly good
when considering the simplicity of the potential without self con-
sistent treatment of the charge. Based on c-surfaces results the
simulations performed with the Heinkelman parameterization
are thus expected to capture properly the qualitative behaviour
of the dislocations cores under high pressure.3. Results and discussion
Typical screw core structures with Burgers vector ½[110]
extracted from the pairwise potentials calculations are shown
Fig. 3 using the so-called differential displacement maps [41]. In
Fig. 3, all atoms are displaced from their ideal crystal positions.
However, as most of the displacements for a screw dislocation core
are along the direction of the Burgers vector (i.e. [110] normal to
the plane of the sheet in ﬁg. 3), the dislocation core can only be
visualized by plotting arrows between pairs of neighbouring atomseterization of Heinkelman et al. [36]. Shear modulus l is computed according to
ven in brackets. cmax correspond to the unstable stacking fault energy along a ½h110i
GPa 60 GPa 100 GPa
5 (4.04) 3.94 (3.91) 3.83 (3.80)
.7 (538) 633.0 (778) 838.2 (1088)
.9 (138) 273.9 (179) 358.9 (230)
.9 (170) 153.9 (187) 158.9 (202)
.4 (184.4) 166.2 (236.7) 195.2 (294.3)
0 (2.45) 3.10 (3.72) 4.22 (5.28)
0 (3.16) 3.16 (3.67) 3.31 (4.11)
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Fig. 2. Generalised Stacking Fault energy c along ½h110i in {110} (square) and {100} (circle). The calculations have been done at 0 GPa (a), 30 GPa (b), 60 GPa (c) and
100 GPa (d). The differential evolution of c energies between (110) and (001) determined using the pairwise potential parameterization [36] (ﬁlled symbols) are in
qualitative agreement with DFT results from Ref. [30] here shown as open symbols.
(a) (b)
(c) (d)
Fig. 3. Core conﬁguration of the ½[110] screw dislocation for different pressure 0 GPa (a), 30 GPa (b), 60 GPa (c) and 100 GPa (d). The differential displacement arrows are
plotted between the ﬁrst and the second neighbours. The lengths of the arrows between neighbouring atoms are scaled to the relative displacement along the Burgers vector
direction (perpendicular to the plane of representation).
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placements along [110] as compared to ideal positions in the per-
fect crystal. Thus Fig. 3 enables direct observations of the evolution
of the core structure as a function of pressure. At low pressure
(Fig. 3a), the core is fully spread in (110) and extents over more
than two unit cells. The increase of pressure leads to a decrease of
core width associated with the simultaneous appearance of longer(a)
(c)
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Fig. 4. Evolution of atomic disregistries as a function of pressure. Disregistries are plot
[110] (i.e. y coordinate) in (001) (right panel (b), (d), (f), (h). The pairwise potential dat
size n = 8) correspond to the open symbols. On all ﬁgures, the lines correspond to the sdifferential displacement arrows between pairs of atoms in (001).
At 60 GPa, the core spreading in (110) is already limited to a sin-
gle unit cell along [001]. Moreover, most differential displacement
arrows are now located in (001). DFT calculations lead to the same
features. A comparison between empirical potential and DFT calcu-
lations is given in Fig. 4 where the atomic disregistries have been
extracted from the atomic positions and plotted along either(b)
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a on the large cell (n = 80) are displayed as ﬁlled symbols and the DFT data (for a cell
olution of a continuum PN.
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respectively). It is noticeable that the agreement between the
two kinds of simulations is rather good, validating the choice of
the pairwise potentials. Indeed, the atomic disregistries taken from
both simulations are clearly overlapping except for the high pres-
sure cells and only along [110] in (001). This apparent discrep-
ancy however may come from an artefact due to size effect. For
high pressure calculation, where the spreading of the core is
mostly found in (001) the small dimension of the cell used in
DFT along the [110] direction prevents a full spreading of the
core. It is therefore impossible to reach a region of perfect crystal
in between two dislocations along [110], that was also the case
of pairwise potential at high pressure and considering small vol-
ume (i.e. n < 10).
For comparison purpose between continuum modelling based
on Peierls–Nabarro approach and atomistic calculations, contin-
uum disregistries [30] have been plotted together with the current
atomistic data in Fig. 4. It shows that continuum model and atom-
istic calculations are in perfect agreement. This demonstrates the
accuracy of recent Peierls–Nabarro developments to predict core
structures. Based on this comparison, we can further discuss the
competition between elastic and inelastic forces involved in the
dislocation core spreading. It should be reminded here that theFig. 5. View of the screw dislocation line lying on a (110) glide plane. Only two
layers of ions above and below the glide planes are displayed. (a) Typical
conﬁguration of a core located in the centre position (core calculated at 0 GPa).
(b) Typical core conﬁguration for a dislocation stabilized in the edge_A positions
(calculations performed at a pressure of 100 GPa).
(a)
Fig. 6. Edge displacement inside the ½[110] screw dislocation core. (a) 0 GPa. (b)
displacements.pairwise potential used in this study does not enable to properly
derivate the DFT set of elastic properties of MgO (Table 1). Thus,
the core spreading agreement between the two methods strongly
suggests that the dislocation core is mainly controlled by the
inelastic force interaction captured by the c-surface calculations.
As already pointed out in [30], the core structure evolution found
here can be viewed as the consequence of the evolution of the
unstable stacking fault energies in {110} and {001} planes. Above
30 GPa, the lowest energy path along the ½h110i shear direction
belongs to {001}. As a consequence, the dislocation core tends to
spread in {001} instead of {110}.
An interesting feature of the core corresponds to the exact sta-
ble position of the dislocation within the crystal lattice. Without
any ambiguities, we can always deﬁne the dislocation centre as
the position in the lattice for which the disregistry corresponds
to b/2. It turns out that two distinct stable core centre positions
can be identiﬁed depending on the applied pressure (see Figs. 3
and 5). The stable position of the dislocation core evolves from a
centre site (labelled C on Fig. 1) at low pressure to an edge-A site
(labelled A) at higher pressure. We use here the terminology intro-
duced by Watson et al. [21] and recalled on Fig. 1. Our results at
low pressure are consistent with those from Watson et al. [21]
i.e. the ½h110i screw core is stable at low pressure in a centre site
(labelled C). Compared to an edge-A location, a centre position is
often believed to be stable according to a short-range ion–ion
interaction analysis [42]. Indeed, a screw dislocation in conﬁgura-
tion edge-A brings in its core charged ions closer with a resulting
bond length below 2/3 of their equilibrium distance (Fig. 5b). The
short-range ion–ion repulsive forces should make therefore this
conﬁguration unfavourable to the proﬁt of centre site (C). Never-
theless, the details of the core structure for a stable dislocation in
a centre position show that similar conﬁgurations are arising
(Fig. 5a) with oppositely charged ions on top of each other. Such
unanticipated conﬁguration for a core in centre site results here
from the wide spreading of the core. It is worth noticing that a
screw core lying in a (110) glide plane is associated with a dila-
tion state with an edge displacement component restricted to
(110) (Fig. 6a). The local edge displacements of the core thus
allow to further accommodate the O–Mg distances in order to
decrease the energy of the conﬁguration. Therefore, one effect of
pressure is to counteract this dilatation state. Under pressure, it
is thus preferable to centre the core exactly in an edge-A location.
This qualitative interpretation may also explain why whereas the
core is spread in (001), the position edge-B could never been sta-
bilized in our simulations. The change in stable position for the dis-
location core structure may have further implications regarding
the evolution of the Peierls potential of dislocation gliding in
{110}. Indeed, based on our results, for a screw core gliding in
{110}, the centre site should corresponds to the minimum of the
Peierls valley at low pressure with a Peierls hill associated with(b)
100 GPa. Perfect atomic positions are displayed in grey to highlight the atomic
030
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Fig. 7. Evolution of the total energy of the dislocation (elastic energy and core
energy) obtained from the atomistic calculation as a function of the elastic energy of
the dislocation only depending on the spacings into the quadrupole conﬁgurations
(see Eq. (1)). Black symbols correspond to the DFT results.
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expected to be reverse.
Finally, our calculations can be used to infer the core energy of
the dislocation. Fig. 7 shows the evolution of the total energy of the
dislocation (elastic energy and core energy) obtained from atomis-
tic calculations as a function of the elastic part only (which
depends on the dislocations spacing into the quadrupole conﬁgura-
tions). As expected from Eq. (1), the strain energy of a dislocation
within the quadrupolar arrangement scales with the equilibrium
distance between pairs of dislocations with opposite sign. Eq. (1)
and its representation on Fig. 7 can also be used to extract the core
energy E(rc) of the dislocation as the y-intercept. As E(rc) depends
on the choice of the core radius rc, Fig. 7 has been plotted for a core
radius of b. We found that E(rc = b) increases with pressure from
2.37 eV (under 0 GPa) to 3.84 eV (under 100 GPa). This reﬂects
the core width evolution under pressure. Indeed, if now we adjust
the core radius at each pressure in order to get the same core
energy for all the pressure, and assuming that core radius at
0 GPa is still equal to b, we ﬁnd that the pressure reduces the core
width to 0.64b at 30 GPa, 0.55b at 60 GPa and 0.48b at 100 GPa. For
the pairwise potential calculations, the ﬁt of the cell energy accord-
ing to Eq. (1) leads to the following shear modulus 95.6 GPa,
138.8 GPa, 170.3 GPa and 205.8 GPa for the simulations performed
with a constant volume reﬂecting respectively 0, 30, 60 and
100 GPa of pressure. Shear moduli determined from the linear ﬁt
of Fig. 7 are thus comparable to those computed from the elastic
constants (Table 1).
In Fig. 7, we also plot the results of the DFT calculations. As for
the pairwise potential calculations, increasing pressure tends to
increase the strain energy, except for the 100 GPa calculations
where a strong overlap of the dislocations cores is observed. Focus-
sing on the three ﬁrst pressure investigated, it turns out that the
DFT strain energies are systematically greater than those calcu-
lated with the pairwise potential. It is interesting to note that at
low pressure, the difference between the two types of simulations
is below 5% showing a remarkable agreement. We believe that a
part of the discrepancy may originate from the large deviation of
the elastic properties as pressure is increased.
4. Conclusion
Based on quadrupolar arrangement of periodic dislocations, our
results conﬁrm the major inﬂuence of pressure on the core spread-
ing of the ½h110i screw dislocation in MgO. We notice a remark-
able agreement between atomistic core structures and continuum
modelling based on PN approach. Within the framework of the PNmodel, a dislocation is spread continuously so as to minimize the
energy of the core with respect to the GSF energies. Our results
conﬁrm that this assumption remains valid in MgO. Nevertheless,
this study emphasizes the role of pressure by predicting, associated
to different core spreading, a change in the stable position of the
core with increasing pressure in the 100 GPa range. This new fea-
ture may have an inﬂuence on the Peierls potential in MgO under
high pressures.
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